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OPTICAL DETECTION STRUCTURE FOR A
PLASMON RESONANCE SENSOR

TECHNICAL DOMAIN

The 1mvention relates to the domain of optical detection
based on Plasmon resonance and includes an improved opti-
cal detection device by Plasmon resonance and a measure-
ment process using such a device. This invention can be
applied particularly to optical measurements including bio-
chemical samples, surrounding atmosphere, gas concentra-
tion, moisture content, properties of thin layers, for example
with a thickness of the order of one or several nanometers.

PRIOR ART

The document entitled <<Surface Plasmon resonance sen-
sors.:veview>> Homola et al., Sensors and actuators B, 54,
3-135, 1999 and document U.S. Pat. No. 5,991,488 present
different variants ol Plasmon resonance optical detection
devices. One example of a Plasmon resonance detection
device 1s 1llustrated on FIG. 1 and 1n particular comprises a
prism 2 onto which 1s bonded a thin metal layer 4 based on an
adapted metal, for example a noble metal. The thin metal
layer 4 will generate a surface Plasmon and will be called a
metal <<plasmon>> layer. An icident light radiation 6 that
may be monochromatic and with a wavelength located within
the domain of the visible or near infrared, 1s emitted on one
face of the prism 2. This light radiation will be deviated by the
prism 2 and 1t will encounter the metal plasmon layer 4.
Reflected radiation 8 1s measured at the output from the prism
2. The optical response of such a device 1s 1llustrated on FIG.
2. A resonance peak on the first curve reference C1 (shown 1n
solid lines) on FIG. 2 represents the fact that for a given angle
of icidence, the incident signal 1s strongly absorbed by the
metal plasmon layer 4. Absorption varies depending on the
polarisation (s type or p type) of the incident light radiation,
and the nature of the metal in the Plasmon layer. This affects
the fineness of the resonance peak at the detected signal.
When an additional element 1s put into place, for example an
additional thin layer of the order of one or a few nanometers
thick on the metal layer 4, the optical response curve of the
detector 1s offset. An example of an optical response of the
detector with an additional thin layer 1s represented by a
second curve C2 on FIG. 2. Another example application of
such a device 1s detection of a biological material grafted onto
the metal layer 4. The offset depends on the nature and optical
properties of the materials used for the prism, the metal layer
4 and the additional thin layer. In a liquid medium, the grafted
material can induce a suificiently large mndex variation to
modily the Plasmon resonance. The detection principle can
be placed on a measurement of an angle offset or on a mea-
surement of a variation of the intensity of the signal retlected
at a given angle. If an angle offset 1s measured, the sensitivity
ol the detection device 1s greater as the ofiset between the two
curves C1 and C2 increases. If an itensity variation 1s mea-
sured, an attempt 1s made to obtain the greatest possible range
of the curve C2.

Optical transmission measurements can also be made. In
this case, according to one variant embodiment of the previ-
ously described detection device, the prism can be replaced
by a waveguide to which the metal plasmon layer 1s bonded.

One solution to improve the sensitivity of Plasmon reso-
nance detection devices has been disclosed 1n document U.S.
Pat. No. 5,991,488 and consists of placing one or several
dielectric layers in contact with the metal layer that will
generate the Plasmon. Such a multi-layered structure 1s dii-
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ficult to make, particularly when the metals used to form a
metal layer are noble metals such as gold or silver. FIG. 3
illustrated one example of an optical Plasmon resonance
detection device with a multi-layer structure that comprises a
metal layer 4 based on gold or silver bonded to the prism 2
based on glass or polymer, and a layer of dielectric material
10 bonded to the metal layer 4 that will generate the Plasmon.
The dielectric material i layer 10 may for example be an
oxide or a fluoride or a selenide or a sulphide, or a nitride. In
practice, such a structure 1s not suiliciently stable, because
gold will not bond chemically to a silicon oxide or to a
polymer. It 1s also difficult to bond a silver layer to an element
based on silicon oxide or a polymer because silver oxide 1s
thermodynamically not sufliciently stable.

One solution for obtaining a stable detection structure 1s
illustrated on F1G. 4, consisting of using a first metal layer 14
called a <<bond>> layer between the gold or silver based
Plasmon metal layer and the layer of dielectric maternial 10.
Another “bond” metal layer 12 may also be provided between
the prism 2 and the metal plasmon layer 4. The metal bond
layers 12 and 14 are based on a metal that 1s preferably not
noble. The “bond™ layers 12 and 14 form a stable stack. The
first metal bond layer 14 at the interface with the metal plas-
mon layer 4 forms a metal alloy, while the oxide bonds at the
interface with the layer of dielectric material 10 are formed
between the other bond layer 12 and the dielectric layer 10.
For example, 1n the case in which the layer of dielectric
material 10 1s based on S10,, the result 1s Mp—O—S1 bonds
(where Mp 1s the metal in the bond layer 12) that assure good
bond. The bond layers 12 and 14 are typically based on
chromium, or titanium or tantalum, or hatnium. The thickness
of these metal bond layers 1s usually at least two nanometers
so that there 1s no discontinuity. This 1s a problem with the
production of metal bond layers because the metals used to
form the bond layers 12 and 14 must be very pure in order to
guarantee good bond with the plasmon metal layer. It 1s
known that most metals used to form bond layers, for example
such as Cr, T1, and Hf, tend to trap oxygen atoms. Therefore
the deposit of these materials 1 thin and very pure layers
requires deposition processes with a high residual vacuum.
Furthermore, the introduction of metal bond layers deterio-
rates the optical performances of the device. At the working
wavelengths usually used in the visible or near infrared, the
typical extinction coefficients k of most bond metals are
between 2 and 3. The introduction of metal bond layers 12 and
14 has the effect of modifying the optical response by weak-
ening the signal range.

FIG. 5 1llustrates the phenomenon of the loss of detection
sensitivity due to the metal bond layers, by looking at the
results of measurements made on three different structures
provided with the same gold layer that will generate the
plasmon and the corresponding chromium bond layers
between the prism and the gold layer that have different
thicknesses 1n different structures. Curve C3 on FIG. 5 shows
measurements made using a first structure provided with 1
nanometer thick chromium-based bond layers, while curves
C4 and C3 represent measurements made using a second
structure with 2-nanometers thick chromium-based bond lay-
ers, and measurements made using a third structure with
3-nanometers thick metal bond layers, respectively. The opti-
cal absorption of the chromium bond layer broadens the plas-
mon resonance peak, that 1s greater when 1t 1s thicker. On FIG.
5, this results 1 a reduction in the range of the signal, that
becomes greater as the thickness ol the chromium bond layers
increases. The problem that arises 1s to form a new optical
detection device by plasmon resonance that does not have the
disadvantages mentioned above.
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PRESENTAITON OF THE INVENTION

L]

The invention relates firstly to a plasmon resonance optical
detection device including a stack of layers comprising:;

a metal <<plasmon>> layer, that will generate said plas-

mon,

a layer of dielectric material,

a first sesmiconductor bond layer placed between said metal
layer and said dielectric layer, said semiconductor layer
covering one face of the metal layer.

The layer of dielectric material 1s a layer that will receive

one or several elements to be detected or measured.

One face of the dielectric layer may thus be exposed, the
clement(s) that are to be detected being placed on this face or
put into contact with this face.

Plasmon 1s a collective oscillation of electrons 1n a material
when the electrons are excited by an appropriate form of
energy such as light, which 1s originally an electromagnetic
wave.

The first semiconductor layer enables the layer of dielectric
material to bond to the stack without deteriorating the perfor-
mances of the detector.

The first semiconductor layer may be based on S1 or Ge.

According to one possible embodiment, the first semicon-
ductor layer may be not thicker than two nanometers or not

thicker than one nanometer or not thicker than 0.5 nanom-
eters.

The metal plasmon layer may be based on a noble metal.

Said stack may comprise a second semiconductor layer on
the other face of said metal layer. The second semiconductor
layer can act as a bond layer and enables an element based on
a dielectric material, for example a prism or a waveguide or a
layer or a slide to bond to said stack. Said second bond layer
may be based on Si1 or Ge.

According to a first possible embodiment of the optical
detection device, this optical detection device may also com-
prise at least one prism bonded to said stack.

According to a first possible embodiment, the device may
also 1nclude a slide bonded to said second semiconductor
layer, and placed between the second semiconductor layer
and the prism.

According to a second possible embodiment, the plasmon
resonance optical detection device may also comprise at least
one waveguide bonded to said stack.

According to the second possible embodiment, the detec-
tion device may also comprise at least one second layer of
dielectric material in contact with said waveguide and with
the second semiconductor layer.

BRIEF DESCRIPTION OF THE DRAWINGS

This invention will be better understood after reading the
description of example embodiments given purely for infor-
mation and 1 no way limitative, with reference to the
appended drawings on which:

FIG. 1 1llustrates a plasmon resonance optical detection
device according to prior art, with a metal layer that will
generate said plasmon and placed 1n contact with a prism,

FIG. 2 1llustrates examples of optical responses obtained
using a device of the type illustrated in FIG. 1,

FIG. 3 illustrates a variant embodiment of the device in
FIG. 1, in which a layer of dielectric maternial that will
improve the sensitivity of the device 1s bonded to the metal
plasmon layer,

FIG. 4 1llustrates a variant for the device 1n FIG. 3, 1n which
the metal layer 1s a layer of noble metal, and that comprises
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metal bond layers between the prism and the layer of noble
metal, and between the layer of noble metal and the dielectric
layer,

FIG. § illustrates optical responses of devices of the type
illustrated 1n FI1G. 4, with different thicknesses of metal bond
layers,

FIG. 6 1llustrates an example of a plasmon resonance opti-
cal detection device according to the invention,

FI1G. 7 1llustrates curves showing the variation of extinction
coellicients for silicon and germanium based layers as a func-
tion of a wavelength of incident radiation 1n the visible and the
near infrared,

FIG. 8 illustrates the optical responses of an optical detec-
tion device according to prior art and an example of an optical
detection device according to the invention,

FI1G. 9 1llustrates ditferent optical responses of examples of
optical detection devices according to the mvention, each of
which has a semiconductor layer bonded to the metal plas-
mon layer,

FIG. 10 1llustrates a variant plasmon resonance optical
detection device according to the invention, 1n which the
stack comprising the metal layer that will generate the plas-
mon 1s bonded to a waveguide,

FIGS. 11 A and 11B 1illustrate examples of optical response
curves ol a device of the type 1llustrated 1n FIG. 10.

Identical, similar or equivalent parts of the different figures
have the same numeric references to facilitate movement
from one figure to another.

The different parts shown on the figures are not necessarily
shown at the same scale, to make the figures easier to read.

DETAILED PRESENTATION OF PARTICULAR
EMBODIMENTS

We will now describe an example of a plasmon resonance
optical detection device according to the invention with ret-
erence to F1G. 6.

This device comprises a prism 102 that will for example be
based on glass or a polymer. A stack comprising at least one
metal layer 104 called <<plasmon>>1s placed in contact with
the prism 102 and will generate a surtace plasmon. The metal
layer 104 of Plasmon may be based on a noble metal, for
example such as silver or gold, and 1ts thickness may for
example be between 10 et 100 nanometers, for example 1t
may be of the order of 40 nanometers. Incident light radiation
106 that may be monochromatic, will be emitted on a face of
the pri sm 102. The incident light radiation will be deviated by
the prism 102 and it will encounter the metal <<plasmon>>-
layer 104. Retlected radiation 108 1s measured at the output
from the prism 102.

The stack also comprises a layer of dielectric material 110,
for example based on S10,, that may for example be between
10 and 100 nanometers thick, for example of the order ot 400
nanometers. The metal plasmon layer 104 1s located between
the prism 102 and the dielectric layer 110. A face of the
dielectric layer will come into contact with or will be fitted
with one or several elements to be detected, for example

biological substances or a gas.

A first semiconductor layer 114 called an <<intermedi-
ate>> layer 1s located between the metal plasmon layer 104
and the dielectric layer 104. The first semiconductor layer 114
1s designed to enable the dielectric layer 110 to bond to the
stack, while avoiding moditying the optical response of the
detector. The first semiconductor layer 114 1s in contact with
the Plasmon layer 104 and the dielectric layer 110 and may
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for example be based on S1 or Ge. The first semiconductor
layer 114 may for example be between 0.4 and 3 nanometers
thick.

A second intermediate semiconductor layer 112 may also
be provided on the metal layer 104. The second semiconduc- 5
tor layer 112 1s in contact with the metal layer 104 and with
the prism 102 and may for example be based on Sior Ge. The
second semiconductor layer 112 may for example be between
0.3 and 3 nanometers thick, for example of the order of 2.7
nanometers. The semiconductor layers 114 and 112 are pref- 10
erably continuous, 1n other words uniformly covering. This
continuity of the layers 114, 112 guarantees homogenous
bond with the metal plasmon layer 104 and with the layer onto
which the second semiconductor layer 112 1s bonded. The
layers 114 and 112 can be produced without the use of a high 15
vacuum.

The semiconductor layers, particularly the silicon or ger-
manium based layers, may be deposited using known vacuum
deposition processes. It 1s also possible to use <<physical>>
deposition techniques by evaporation or sputtering, or 20
<<chemical>> deposition techniques. The vacuum used may
for example be between 10~ and 10™° mbars.

According to one possible embodiment, a microscope slide
120, for example based on glass, may be located between the
second semiconductor layer 112 and the prism 102. The slide 25
120 may be 1n contact with the second semiconductor layer
112, while an 1index liquid may be placed between the prism
102 and the slide 120. The prism 102, the slide 120 and the
index liquid may have identical refraction indexes, for
example of the order of 1.5135 fora wavelength of 633 nm. For 30
example, the stack may be selected for detection at a wave-
length of the order of 633 nm and an angle of incidence of the
order of 50° or 65°.

The material from which the intermediate semiconductor
layers 114 and 112 such as silicon or Germanium are made, 35
has the capacity to combine with the metal 1n the layer 102
such as gold or silver, and optical properties such that an
optical detector with an improved sensitivity can be obtained.

In particular, the material from which the semiconductor
layers 114 and 112 are made has a low extinction coetlicient, 40
for example between 0.7 and 0.4 when this material 1s silicon
and the incident radiation 106 1s located within a range of
visible wavelengths varying from 550 nm and 650 nm.

Throughout this description, the term extinction coefficient
will be used to refer to the coellicient k related to the light 45
absorption coelilicient ¢ characteristic of a substance or a
layer onto which light radiation 1s applied according to the
formula a=411k/A, where A 1s the wavelength of the light
radiation.

FI1G. 7 contains typical curves of the variation of extinction 50
coellicients for silicon (representative curve C10) and germa-
nium (representative curve C20) as a function of a range of
incident radiation wavelengths located 1n the visible and the
near inirared. In the case in which the optical detection device
operates with incident light radiation with a wavelength near 55
to the infrared or more than 700 nm, the semiconductor layers
114 and 112 may be based on S1 0r Ge. In other cases 1n which
the detection device 1s designed to operate with incident light
radiation with a wavelength less than 700 nm, the bond layers
114 and 112 are preferably formed based on silicon. 60

FIG. 8 1llustrates differences in detection performances
between a plasmon resonance optical detection device
according to prior art, and a plasmon resonance optical detec-
tion device used according to this invention. Curves C31 and
(C32 on this FIG. 8 represent optical responses obtained with 65
a detection device used according to the prior art, and a
detection device of the type described above with the refer-

6

ence to FIG. 4, for which the metal plasmon layer 4 1s made of
silver and 1s of the order of 41.5 nanometers thick, while the
bond layers 12 and 14 are chromium layers with thicknesses
of the order of 2.47 and 1.42 nanometers respectively, and the
dielectric layer 10 1s an S10, layer of the order of 400.6
nanometers thick. Curve C31 1s representative ol measure-
ments obtained using incident radiation 6 1n s polarisation
while curve C32 is obtained using incident radiation 6 1n p
polarisation. On this FIG. 8, curves C41 and C42 are repre-
sentative ol optical responses obtained using a detection
device according to the mnvention of the type described above
with reference to FIG. 6, and in which the metal plasmon
layer 104 1s a silver layer of the order of 42.8 nanometers
thick, the interface layers 102 and 104 are silicon layers with
thicknesses of the order of 2.75 nanometers and 1.26 nanom-
eters respectively, and the dielectric layer 110 1s an S10, layer
with a thickness of the order 01 406.8 nanometers. Curve C41
1s representative ol a measurement obtained with an incident
radiation 106 polarised according to an s polarisation, while
curve C42 1s obtained using incident radiation 106 polarised
with p polarisation. FIG. 8 shows that the optical response of
the device according to the invention has a better range than
the detection device according to the prior art. The detector
also has better sensitivity 1n s polarisation than in p polarisa-

tion.
FI1G. 9 shows curves C41 and C42 and other curves C51,

C52, C61, C62 of optical responses. Curves C51 and C52 on
FIG. 9 are representative of optical responses obtained using
a detection device according to the invention of the type
described above with reference to FI1G. 6, in which the metal
plasmon layer 104 1s a silver layer of the order of 43.2 nanom-
cters thick, the interface layers 102 and 104 are silicon layers
with thicknesses of 2.75 and 0.85 nanometers respectively,
and the dielectric layer 110 1s an S10, layer of the order of
434 .5 nanometers thick. Curves C61 and C62 represent opti-
cal responses obtained using a detection device according to
the invention of the type described above with reference to
FIG. 6, and in which the metal plasmon layer 104 1s a silver
layer of the order of 36.5 nanometers thick, the interface
layers 102 and 104 are silicon layers with thicknesses of the
order of 2.71 and 0.46 nanometers respectively, and the
dielectric layer 110 1s an S10, layer of the order of 401.2
nanometers thick. Curves C51 and C61 are representative of
measurements obtained using polarised incident radiation
106 using s polarisation, while curves C52 and C62 are rep-
resentative of measurements obtained using polarised inci-
dent radiation 106 using p polarisation. The curves 1n FIG. 9
show that the performances of the detector 1n terms of mea-
sured signal range improves as the thickness of the semicon-
ductor layer 104 between the metal plasmon layer 104 and the
dielectric layer 110 becomes smaller.

FIG. 10 1llustrates another example of plasmon resonance
optical detection device. In this example, the device 1is
designed to measure 1 “transmission” and it comprises a
waveguide 202 that may for example be based on glass or a
polymer. A stack 1s placed on the waveguide 202 comprising
a metal layer 204 that will generate the plasmon, and based on
a noble metal, for example such as silver or gold and for
example between 10 and 100 nanometers thick, for example
of the order o1 40 nanometers. The stack also comprises a first
layer 210 of dielectric material, for example based on S10,
and that may for example be between 10 and 100 nanometers
thick, for example of the order of 40 nanometers. A first
semiconductor layer 214 1s located between the metal plas-
mon layer 204 and the first dielectric layer 210. The first
intermediate semiconductor layer 214 1s designed to enable
the first dielectric layer 210 to bond to the stack without
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causing any alteration to the optical response of the detector.
The first semiconductor layer 214 may for example be based
on S1 or Ge. The first semiconductor layer 114 may be
between 0.4 and 3 nanometers thick, for example of the order
of 2 nanometers. A second semiconductor layer 112 may also
be provided on the metal layer 104. The second semiconduc-
tor layer 112 may be between 0.4 and 3 nanometers thick, for
example of the order of 1 nanometer. The second semicon-
ductor layer 114 1s 1n contact with the metal layer 104 and a
second layer of dielectric material 215 1n contact with the
waveguide 202. The second layer 215 of dielectric material 1s
also selected to allow the first dielectric layer 210 to bond to
the stack while avoiding any alteration to the optical response
of the detector. The second layer 215 of dielectric material
may for example be based on S10, and its thickness may for
example be between 10 and 1000 nanometers, for example of
the order of 800 nanometers.

In this case, the measurement 1s a measurement of a light
signal 208 transmitted at the output from the waveguide 202,
as a function of the wavelength of light rays 206 1injected nto
the waveguide 202. For this type of detection, the plasmon
resonance phenomenon induces a drop in the signal transmis-
s10n, for which the wavelength position depends on the nature
and structure of the stack formed by the second layer of
dielectric material 215, the first semiconductor layer 214, the
metal layer 204 generating the plasmon, the first semiconduc-
tor layer 214, and the first layer of dielectric material 210. A
modification to the surface index on the dielectric layer 210 at
the top of the structure causes a shift in the transmission
spectrum. This shift is illustrated on FIG. 11 A by transmitted
signal curves C71 and C72 representing measurements made
without the presence of an additional element on the dielec-
tric layer 210, and measurements made with an additional
clement modifying the surface index, respectively.

FIG. 11B shows a curve C80 representative of a transmuit-
ted signal 208 obtained with a device like that described
above with reference to FIG. 10 and 1n which the interface
layers 212 and 214 are based on silicon, and another curve
C90 representative of a transmitted signal obtained with a
similar device, but 1n which the layers 214 and 212 are
replaced by chromium based layers. As shown on this FIG.
11B, the detection performance 1n terms of transmitted signal
amplitude 1s better with a device provided with semiconduc-
tor interface layers 212 and 214.

Note that the second dielectric layer 2135 optically adapts
the stack and waveguide such that lightrays 206 can enter into
the stack as far as possible to create a maximum electromag-
netic field 1n the plasmon layer 204. The second dielectric
layer 215 makes impedance matching between the stack and
the waveguide possible.
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Either of the devices described above may be integrated for
example imnto a measurement sensor for samples of biochemi-
cals or the surrounding atmosphere, or to measure a gas
concentration or moisture content.

A device according to this invention includes a so-called
metal plasmon layer. This metal layer may possibly be com-
posed of a stack of several metal layers with different com-
positions. Similarly, each of the dielectric layers used may be
composed of a stack of several dielectric layers with different
natures. The same 1s true for the semiconductor bond layer(s).

The invention claimed 1s:

1. Plasmon resonance optical detection device including a
stack comprising:

a metal plasmon layer, that will generate said plasmon,

a layer of dielectric material that 1s adapted to receive one

or several elements to be detected, and

a semiconductor bond layer of a semiconducting silicon

composition or a sesmiconducting germanium composi-
tion placed between said metal layer and said dielectric
layer, said semiconductor layer covering one face of the
metal layer.

2. Plasmon resonance optical detection device according to
claim 1, said stack comprising also a second semiconductor
layer on a face of said plasmon metal layer opposite a face
provided with said semiconductor bond layer.

3. Plasmon resonance optical detection device according to
claim 1, wherein the semiconductor bond layer comprises a
thickness of less than 2 nanometers.

4. Plasmon resonance optical detection device according to
claim 2, wherein said second semiconductor layer 1s formed
from semiconducting silicon or semiconducting germanium.

5. Plasmon resonance optical detection device according to
claim 1, also comprising at least one prism bonded to said
stack.

6. Plasmon resonance optical detection device according to
claim 5, 1n which said stack comprises at least one second
semiconductor layer on a face of said metal layer opposite a
face provided with said semiconductor bond layer, the detec-
tion device also comprising a slide bonded to said second
semiconductor layer and placed between this second semi-
conductor layer and the prism.

7. Plasmon resonance optical detection device according to
claim 1, also comprising at least one waveguide bonded to
said stack.

8. Plasmon resonance detection device according to claim
7,1n which at least a second semiconductor layer covers aface
of said metal layer opposite a face provided with said semi-
conductor bond layer, the device comprising at least one
second layer of dielectric material in contact with said
waveguide and with said second semiconductor layer.
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